Control of the structure, size, and shape of inorganic materials has received increased attention in current materials syntheses due to the fact that they play very important roles in correlating to their magnetic, electrical, optical, and other properties[@b1][@b2][@b3][@b4]. Over the past two decades, a wide range of one-dimensional nanostructures, such as wires, rods, belts, and tubes, has been prepared[@b5][@b6][@b7][@b8]. So far, based on these 1D forms, intensive attention has been attracted to realization of 3D superstructures by patterning micro-/nano-structured building blocks with complex geometry, due to their unique properties for potential applications[@b9][@b10]. Commonly, surfactants are used as additives to assist the synthesis of materials with 3D superstructures. Therefore, developing facile, solution-based, morphology-controlled methods to fabricate novel self-assembled architectures remains challenge.

Zinc oxide (ZnO), an important semiconductor with a band gap of 3.37 eV at room temperature, has attracted great interests due to its unique properties and wide applications in field effect transistors, chemical sensors, transparent conductors, and ultraviolet light emitting devices[@b11][@b12][@b13][@b14]. The properties of ZnO are strongly dependent on its morphology and aspect ratio, as well as on the size, orientation, and density of the crystal[@b15][@b16][@b17]. And these structural characteristics have important applications in optoelectronics and photocatalysts. ZnO with different morphologies has been produced by various synthetic methods[@b18]. The solution based methods, such as solvothermal/hydrothermal and sol-gel processes, are attractive because the synthesis conditions used are mild and the processes are very simple. Compared to the conventional hydrothermal/solvothermal process, in which commonly only one kind of solvent is used, a double-solvothermal or a mixed-solvothermal process would have much greater influences on the structural control for various materials, because the properties of the mixed solvent can be controlled by adjusting the type and volume ratio of the solvents[@b19].

In biomineralization, organisms can exert great control over mineral deposition from the solution phase by using biological molecules as matrices or molds[@b20]. The biomimetic syntheses of inorganic materials have been intensively researched to mimic the effects of soft biological molecules on the crystallization of inorganic materials[@b21][@b22][@b23]. Understanding the interactions between soft biomaterials and inorganic materials is very important to fabricating various materials with novel structures. Glycine is the simplest amino acid which is one of the fundamental components of biological molecules. It can form complexes with various metal ions, such as Fe^2+^, Cu^2+^ and Zn^2+^ in solution. Thus it is believed to have potentials as a kind of growth modifier in the synthesis of ZnO crystals. In this paper, we reported the synthesis of ZnO materials with various distinct morphologies by simple double-solvothermal (ethanol and water) method in the presence of glycine. By adjusting the ratio of ethanol and water, different morphologies of ZnO can be controllably synthesized. The optical properties and catalytic efficacy were also explored and ZnO materials with different crystal growth habits show differences in these properties.

Results
=======

XRD was used to investigate the phase purity of the as-prepared ZnO, as shown in [Figure 1a](#f1){ref-type="fig"}. All the diffraction peaks can be indexed to the hexagonal wurtzite-structure of ZnO (JCPDS 36-1451) and the sharpness of the peaks implies the high crystalline quality of the as-prepared sample. No peaks of impurities can be detected, demonstrating that ZnO with high purity has been synthesized successfully by the solution phase approach using a double solvent system consisting of water and ethanol in the presence of glycine. [Figure 1 b--d](#f1){ref-type="fig"} shows typical SEM images of ZnO samples prepared through the typical procedure. An SEM image with a low magnification ([Figure 1b](#f1){ref-type="fig"}) displays that the sample is composed of microspheres. An SEM image with high magnification ([Figure 1c](#f1){ref-type="fig"}) on side view reveals that the ZnO microspheres are mushroom-like superstructures. The top view of the sample ([Figure 1d](#f1){ref-type="fig"}) shows that the superstructure is made up of numerous of hexagonal disks. The diameter of the hexagonal disks is in the range of 100--150 nm, and the thickness is about 50 nm. The numerous disks are assembled to form the mushroom-like structure. This complex morphology can be obtained on a large scale. [Figure 1e](#f1){ref-type="fig"} shows a typical TEM image of ZnO microspheres while [Figure 1f](#f1){ref-type="fig"} shows a fragment disk of the ZnO microspheres. The inserted selected area electron diffraction (SAED) pattern in [Figure 1f](#f1){ref-type="fig"} confirms the single-crystalline nature of the disk.

The double-solvent reaction system was studied by monitoring the influence of water volume with a constant amount of zinc acetate and glycine on the morphology of products by microscopy investigations. [Figure 2](#f2){ref-type="fig"} shows SEM images of the prepared products with different amount of water. Without the addition of water (0 ml), the obtained product is composed of spheres as SEM shows in [Figure 2a--b](#f2){ref-type="fig"} when zinc acetate and glycine was treated under ethanol-thermal conditions. The spheres are assembled by nanoparticles with size of about 20 nm. It can be also observed that the spheres are hollow inside as the broken spheres in the SEM images confirm. Increasing the used water volume to 2.0 ml, a complex superstructure assembled by hexagonal disks was obtained as shown in [Figure 2c--d](#f2){ref-type="fig"}. Interestingly, the superstructure has a hexagonal hoop in the middle like a waistband. As the water amount was further increased to 4.0 ml, SEM images ([Figure 2e--f](#f2){ref-type="fig"}) display that the obtained sample has a "potted plant"-like structure. On one side, the sample has a perfect polyhedral morphology like a "pot", while from the other side, it can be observed that the part in the middle of the superstructures are composed of hexagonal disks. The thickness of the disk is about 300 nm. When the water volume is increased to 5.0 mL ([Figure 2g--h](#f2){ref-type="fig"}), polyhedral microdisks with different facets exposed are obtained. These polyhedral microdisks are like two "pot" in [Figure 2e](#f2){ref-type="fig"} to connect to each other. When the amount of water is further increased to 7.0 mL or 8.0 mL, only ZnO microrods can be obtained as shown in [Figure 2i and j](#f2){ref-type="fig"}. From [Figure 1b--c](#f1){ref-type="fig"} and [Figure 2](#f2){ref-type="fig"}, when the volume of water increased from 0 mL to 8.0 mL, the morphology of the obtained ZnO changed from the superstructure of nanoparticles and disks, pure disks to rods.

Discussion
==========

SEM observations of the products reveal that the amount of added water in the double-solvent system is the key factor to control the morphology evolution of the obtained ZnO crystals. The microstructure and the size of the as-prepared ZnO particles depend closely on the amount of water added. As the amount of water increases, the morphology of the obtained ZnO changes from the superstructure assembled by nanoparticles and disks, pure disks to rods. It is very interesting to note that the structure and size of ZnO particles can be controlled only by adjusting the amount of water in the ethanol solution. Therefore it is important to understand the formation of ZnO particles. In this study, the zinc acetate dihydrate was used as zinc source, and reaction conditions, such as reaction temperature and reaction time, were kept the same for all of the reactions. Therefore, the obtained ZnO particles with different morphology and size can only due to the effects of the solvents with different amount water. The polarity, viscosity and solvency of the solvents change with the addition of different amount of water. Solvents with different polarity, viscosity and solvency may cause different crystal growth habits. The polarity of solvents influences not only the nucleation of the ZnO crystals but also the preferential direction of the crystal growth[@b24]. In solvents with high polarities, the growth along the \[001\] direction was enhanced, which resulted in rodlike morphologies. As the amount of water increases, the polarity of the solvents enhances accordingly. On the other hand, the solubility of ZnAc~2~ and glycine was different in the ethanol solution with different amount of water. The molecule of zinc acetate and glycine is hardly soluble in ethanol and soluble in water. In the absence of water, zinc acetate and glycine can not dissolve in anhydrous ethanol. As the amount of water increases, more and more of the molecule of ZnAc~2~ and glycine dissolve in the ethanol and water solution, which might lead to the fast growth of ZnO crystal and result in the formation of polyhedral ZnO microdisks and ZnO microrods with perfect morphology. In the reaction system, the presence of glycine is also of great importance. The molecule of glycine contains an amino group and a carboxylic acid group. Without the addition of glycine, the products would display different morphology from those presented in this study. With the increase of water, more and more of zinc acetate and glycine dissolve in the water and the zinc ions might coordinate with glycine molecules to form complex intermediates. The space hindrance of the zinc glycine complex would affect the growth ZnO crystals. So the morphology of the ZnO can be successfully controlled by adjusting the amount of water in the reaction system.

Room-temperature photoluminescence (PL) properties of the obtained ZnO superstructures prepared with different amount of water at an excitation wavelength of 325 nm were studied. As shown in [Figure 3](#f3){ref-type="fig"}, an ultraviolet (UV) emission around 390 nm and a green band at 530 nm can be observed for all the ZnO samples. The UV emission corresponds to the near band edge emission of wide band gap of ZnO due to the recombination of excitonic centers. The green band emission is associated with the intrinsic defect centers like oxygen vacancy, zinc vacancy, zinc interstitial, oxygen interstitial, or antisite oxygen[@b25][@b26][@b27][@b28]. From [Figure 3](#f3){ref-type="fig"}, it can be also observed that with the more amount of water used, the PL relative intensity of the green emission becomes stronger, but the ultraviolet emission weaker. That might be attributed to the more defects of the products when the more water was used in the double-solvent system. As the amount of water increases, more and more of the molecule of glycine dissolve in the solvent. The molecule of glycine contains an amino group and a carboxylic acid group and can trap zinc ions to form zinc glycine complex. This kind of reaction may cause zinc vacancy on the surface of ZnO particles. As the amount of water increases in the reaction system, there are more zinc vacancies on the surface of ZnO crystals, leading to the relatively stronger green emission in PL spectra.

The catalytic properties for decomposition of ammonium perchlorate (AP) of the different ZnO structures were also studied. [Figure 4](#f4){ref-type="fig"} shows the DSC curves of both pure AP and the mixtures of AP with the ZnO structures obtained with 1.0 mmol of glycine and different amount of H~2~O at a 2% mass basis. From [Figure 4a](#f4){ref-type="fig"}, the first endothermic peak at 245°C is due to the crystal transformation of AP from orthorhombic to cubic phase and the exothermic peak around 450°C corresponds to the thermal decomposition of AP[@b29][@b30]. From the DSC curves of the mixtures of AP and ZnO samples ([Figure 4b--4f](#f4){ref-type="fig"}), the exothermic peaks corresponding to the thermal decomposition of AP occurred at temperatures around 300°C. Compared with the thermal decomposition of pure AP, the AP decomposition was accelerated dramatically in the presence of ZnO samples. The decomposition temperatures of AP with the ZnO samples prepared with different amount of H~2~O are about 315°C, 310°C, 311°C, 308°C and 302°C, respectively. The ZnO catalytic properties of AP decomposition should be related to their structures. The more amount of water was used; the more defects on the surface of ZnO from PL spectra, and the lower temperature for AP decomposition. The defects on the surface might be helpful on the ZnO catalytic properties of AP decomposition.

Besides the added water amount, the effects of other experimental conditions, such as reaction temperature and reaction time, on crystal growth and thus intrinsic defects were also studied. [Figure 5a and b](#f5){ref-type="fig"} show SEM images of the samples prepared with the addition of 0.5 ml water at different temperatures. The obtained ZnO samples are composed of nanoparticle-assembled spheres. As the reaction temperature increases, the assembled units grow bigger and become more regular. [Figure 6a](#f6){ref-type="fig"} shows the room temperature photoluminescence spectra of the samples prepared at different temperatures. As the reaction temperature increases, the PL relative intensity of the green emission becomes weaker. With the same amount of water, the ZnO crystals become more regular with the reaction temperature increasing and the more regular ZnO crystals may results in less defects, leading to weaker green emission. Accordingly, with the defects on surface changing, the catalytic properties for AP decomposition change. [Figure 6b](#f6){ref-type="fig"} shows the DSC curves of the mixture of AP with the ZnO structures obtained at different temperatures. The decomposition temperatures of AP with the ZnO samples prepared at 180 and 200°C are about 310°C and 324°C, respectively, demonstrating that the defects on the surface might be helpful for the ZnO catalytic properties of AP decomposition and more defects would lower the decomposition temperature of AP. On the other hand, the reaction time also show same variation tendency of PL and catalytic properties. [Figure 5c and d](#f5){ref-type="fig"} show SEM images of the samples prepared with different time when the added water amount is 0.5 ml. The ZnO particles were composed of ZnO disks and the ZnO disks pack closer as the reaction time increases. From PL spectra of the samples prepared with different time as shown in [Figure 7a](#f7){ref-type="fig"}, it can be observed that as the reaction time increases the PL relative intensity of the green emission becomes stronger, indicating the more defect on the ZnO surface. This result should be relative to the fact that with the increase of reaction time, the remaining glycine in the reaction system would react with Zn atoms on the surface of ZnO crystals to form more defects. The more defects on the surface lower the AP decomposition temperature, which can be observed from DSC curves in [Figure 7b](#f7){ref-type="fig"} of the mixture of AP with the ZnO structures obtained with different time. Although up to now, the thermal decomposition mechanism of AP has not yet been fully understood because the decomposition process is a complex hetero-phase process involving coupled reactions in the solid, adsorbed and gaseous phases. According to the traditional electron-transfer theory[@b31], the presence of partially filled 3D orbit in Zn^2+^ provides help in an electro-transfer process. Our results show that ZnO crystals displaying stronger green emission would catalyze AP to thermally decompose at lower temperature. The green emission of ZnO crystals is reported to be contributed to zinc vacancy on the surface and the results demonstrate that the defects on the surface might be helpful on the electro-transfer to lower the AP decomposition temperature.

In summary, we proposed a double-solvent thermal method to controllably synthesize a series of ZnO samples in the presence of glycine. By adjusting the water amount in the EtOH/H~2~O system, the morphology of the products can be easily controlled from nanoparticles to microrods. The PL relative intensity of the green emission and the ultraviolet emission can be tuned by the amount of water. It is an effective way to control the optical properties by adjusting the experimental conditions. The catalytic studies show that all the samples have good abilities to decrease decomposition temperature of AP to around 300°C and the decomposition temperatures lower as the intensities of the green emission increase.

Methods
=======

Synthesis
---------

All the reagents were analytical grade and used without further purification. In a typical synthesis, 0.5 mmol ZnAc~2~**·**2H~2~O and 1.0 mmol glycine were added into a solution of 20 mL ethanol and 0.5 mL deionized water with vigorous stirring. Then the reaction mixture was transferred into a 35 mL Teflon-lined autoclave and kept at 200°C for 12 h. When the reaction was complete, the autoclave was allowed to cool to room temperature. The precipitate was collected and washed alternately with deionized water and ethanol several times, and dried in air at ambient condition.

Characterizations
-----------------

Powder X-ray diffraction (XRD) measurements were performed with an X-ray diffractometer (ULTIMA-3) at Cu K~α~ radiation with 40 kV beam voltage and 40 mA beam current. The data were collected in the 20--80° range (2θ) with steps of 0.02. Scanning electron microscopy (SEM) images were obtained with a Hitachi S-4800 field-emission microscope. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) images and selected area electron diffraction (SAED) patterns were obtained with a JEOL JEM-2100 transmission electron microscope with an acceleration voltage of 200 KV. The photoluminescence (PL) spectra were recorded on a LabRam HR 800 spectrometer (Jobin -Yvon) excited with a 30 mW xenon lamp (325 nm) at room temperature. The catalytic roles of ZnO in the thermal decomposition of AP were studied by differential scanning calorimeter (DSC) using STA 449C thermal analyzer at a heating rate of 20°C**·**min^−1^ in N~2~ atmosphere over the temperature range of 20--500°C. The mass percentage of ZnO to AP in the mixture is fixed at 2%.
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![(a) XRD pattern, (b ∼ d) SEM images, (e) TEM image of the as-prepared sample, (f) TEM image of a fragment of the ZnO microspheres (the inset part: corresponding SAED pattern).](srep03736-f1){#f1}

![SEM images of the samples prepared with different amount of water: (a, b) 0 mL; (c, d) 2.0 mL; (e, f) 4.0 mL; (g, h) 5.0 mL, (i) 7.0 mL and (j) 8.0 mL.](srep03736-f2){#f2}

![Room-temperature photoluminescence spectra of the samples prepared with different amount of water: (a) 0 mL; (b) 0.5 mL; (c) 2.0 mL; (d) 4.0 mL; and (e) 5.0 mL.](srep03736-f3){#f3}

![DSC curves of pure AP (a) and the mixture of AP with the ZnO structures obtained with 1.0 mmol of glycine and different amount of H~2~O: (b) 0 mL; (c) 0.5 mL; (d) 2.0 mL; (e) 4.0 mL and (f) 5.0 mL.](srep03736-f4){#f4}

![SEM image of the ZnO samples prepared under different conditions with the addition of 0.5 ml water: (a) 180°C, 12 h; (b) 220°C, 12 h; (c) 200°C, 6 h and (d) 200°C, 24 h.](srep03736-f5){#f5}

![(a) Room-temperature photoluminescence spectra of the samples prepared at different temperatures and (b) DSC curves of the mixture of AP with the ZnO structures obtained at different temperatures.](srep03736-f6){#f6}

![(a) Room-temperature photoluminescence spectra of the samples prepared for different time and (b) DSC curves of the mixture of AP with the ZnO structures obtained for different time.](srep03736-f7){#f7}
